Abstract This study validates three carbon allotropes, such as carbon nanotubes, graphene and carbon nanohorns that are covalently bound via a Kevlar-type linker (amidebound aryl) with polypyrrole. In the proposed synthesis, the linker moiety is formed onto the carbon surface via combined electrochemical and chemical reactions and the polymer is attached during the final phase. Overall, the highest specific capacitance (*350 F/g) and thermal and electrochemical stability were observed for the MWCNTbased system, followed by Nanohorn-g-PPy (-g-stands for grafted) and the least stable with the smallest capacitance for the Graphene-based composite. The MWCNT-grafted material demonstrated a non-continuous and very thin polypyrrole coating onto the carbon surface. These structures are rigid, stable and reveal good accessibility of ions towards both the carbon and polymer. This system showed also the highest diffusion coefficient for the ion doping owing to the polymer effective diffusion length. The fast degradation of Graphene-g-PPy is associated with the carbon morphology and its high activity towards electrochemical oxygen reduction due to the presence of catalytic sp 2 carbon atoms at the edges of the graphene. The presented work highlights an effect of carbon morphology in designing chemically grafted components for ultra-capacitor electrodes.
Introduction
The important requirement that needs to be fulfilled for an effective capacitor is fast energy uptake and release [1, 2] . Other important features are a long-lasting cycle life, stability and high specific capacitance. They all can be improved by proper chemical, structural and morphological modification of the electrode materials [3] . Currently, in field of energy storage/conversion electronics, one of the most important task is to replace/decrease the usage of toxic heavy metals by carbonaceous materials that operate with relatively mild electrolytes Electronic supplementary material The online version of this article (doi:10.1007/s40243-016-0085-x) contains supplementary material, which is available to authorized users. [4] . Carbon allotropes such as carbon nanotubes and graphene are the most promising, and thus became essential components that could reach characteristics similar or greater than metallic electrodes [5] . This is however very challenging since carbons have lower energy density, and consequently, smaller specific capacitance [6] . On the other hand, carbon-based supercapacitors can store energy and be charged very fast during the reversible adsorption/desorption process of ions in doublelayer capacitors, or by the counter-ion doping in pseudo-capacitors [7, 8] . Both pseudo-capacitors and electrical doublelayer capacitors (EDLCs) have possibilities to improve their specific capacitance by expanding the specific surface and increasing the number of redox active centers (for pseudocapacitors) [9, 10] . Many studies have shown that a combination of both types results in a synergistic improvement of the total capacitance, especially when pseudo-capacitors from the group of conjugated polymers (e.g., polypyrrole or polyaniline) are used. These carbon-polymer hybrid materials or composites outperform their individual components [11] [12] [13] . The synergistic improvement is generated by two effects. First, is the increase in conductivity for the pseudo-capacitors resulting in faster ion diffusion that restricts the capacitance [14] . This process is particularly effective when a strong covalent bond (e.g., amide-type linker) between the polymer and carbon is created. The covalently grafted polymer benefits from improved mechanical stability provided by the carbon support. This combination also demonstrates more dynamic (flexible) structure that can accommodate volumetric changes taking place upon the ion uptake/release in the polymer pseudo-capacitor. The high surface area carbon facilitates uniform distribution of the polymer particles, which is critical during the extensive charge-discharge (shrinking-stretching). Such volumetric changes for a thick and uneven polymer electrode accelerate its degradation due to the local inhomogeneity of the charge distribution (surface with less conductive fractions). All these phenomena shorten the electrode cycle life [15] . Another important factor is the electronic interaction at the carbon-linker-polymer junction. In the reverse donor-acceptor system, the covalently bound conductive polymer acts as an electron acceptor and the carbon allotrope as the electron donor, resulting in a more electrochemically stable system [16] .
Regarding the carbon type, combinations of conjugated polymers with the carbon nanotubes and graphene have been broadly studied in respect to the synergistic improvement of capacitance [17] [18] [19] . Also, the type of bonding between molecular components (electronic interaction via orbital stacking or hydrogen-bridge bonding [20] or via additional covalent bonding [21] ) has been investigated in details. In respect to the electrode stability, the recommendation is to apply the chemical grafting of the polymer and carbon, i.e., with a molecular linker such as 3-aminobenzoic acid [22, 23] .
This work demonstrates studies on a new covalent anchor, aryl amide grafted onto the commercial EDLC carbon materials such as the multi-walled carbon nanotubes (MWCNT), graphene and a new form of carbon, which are carbon nanohorns (CNH). The grafted carbons are further functionalized with the polypyrrole pseudo-capacitor material (the choice of polymer is based on its electrochemical stability [24, 25] ). The carefully tailored morphology with a new organic linker is expected to generate synergistic improvement of the capacitance. Also, the strong carbon-polymer bonding will improve the rigidness of the structure for the grafted materials, while sustaining a good electrochemical stability. The new carbon nanohorns are particularly interesting in this study as they show branched porous structure that should significantly influence the morphology of combined systems.
Experimental Materials and methods
Unless otherwise stated, all chemicals have been used as received without further purification. 3-aminobenzoic acid (98%, Sigma-Aldrich Canada, 127671 ALDRICH) was recrystallized twice from 95% ethanol (Home source-UNB Fredericton science store). 2-propanol (for molecular biology, BioReagent, C99.5%, I9516 SIGMA), ammonium persulfate (ACS reagent, C98%, 248614 Sigma-Aldrich), carbon nanohorns (as-grown, 804118 ALDRICH, BET 400 m 2 /g), DCM (ACS reagent, C99.5%, contains 50 ppm amylene as stabilizer, 443484 Sigma-Aldrich), dimethylformamide (anhydrous, 99.8%, 227056 Sigma-Aldrich), Multi-walled Carbon Nanotubes (O. D. 9 L 6-9 nm 9 5 lm, [95% (carbon), 724769 ALDRICH, BET *220 m 2 /g), poly(vinylidene difluoride) average M w *180.000 by GPC, 427152 ALDRICH), potassium bromide (For IR spectroscopy, 34919 FLUKA), potassium chloride (analytical grade, p.a., C99.5% (AT) 60130 Sigma-Aldrich), p-phenylenediamine (P6001 Sigma), sodium nitrite (ACS reagent, C97.8%, 237213 Sigma-Aldrich), pyrrole (reagent grade, 98%, 131709 ALDRICH), sodium hydroxide (reagent grade, C98%, pellets (anhydrous), S5881 Sigma-Aldrich), THF (anhydrous, anhydrous, C99.9%, inhibitor-free, 401757 Sigma-Aldrich) and thionyl chloride (reagent grade, 97%, 320536 Sigma-Aldrich) were purchased from Sigma-Aldrich Canada. Single-layer graphene flakes were obtained from Graphene Supermarket (grade AO-3, 12 nm flakes, specific surface area *80 m 2 /g, purity 99.2%, Calverton, NY, USA). Pyrrole was distilled over calcium chloride under reduced pressure and stored under dry nitrogen. Hydrochloric acid (37%) was supplied by VWR International, Canada. Carbon black (Super P Conductive, 99%, metal basis) was purchased from Alfa Aesar, UK. TEM imaging was carried out using Jeol 2100 sTEM operating at 200 kV. XPS studies were performed at Dalhousie University on VG Microtech MultiLab ESCA 2000 System with 100 lm analyzer spatial resolution, 10 meV energy resolution and Mg Ka linewidth. FTIR spectra on a KBr pellet were recorded with the Nicolet TM iS TM 50 FTIR, 4 cm -1 resolution, 100 scan per sample (KBr was dried in oven at 80°C prior the use). Raman spectra were recorded with a Renishaw inVia Raman spectrometer, 785 nm excitation source (Renishaw Inc, UK). The spectral range was from 1000 to 3000 cm -1 , and 0.1 mW laser power using 50 times magnification on the microscope. Thermal analysis was carried out on the TGA Q500 model TA Instruments from 25 to 650°C at the heating rate of 5°C/min in N 2 in 100 mL alumina crucible. All electrochemical experiments were carried out using a CH Instruments electrochemical workstation model C760 and with an electrochemical cell containing a platinum wire counter electrode (CE), Ag/AgCl reference electrode (RE), and the ink-deposited glassy carbon as a working electrode (WE), which was mounted to the Pine AFMSRCE rotating disk electrode station. All potentials are quoted vs. Ag/ AgCl (222 mV vs. standard hydrogen electrode). All electrochemical measurements were carried out in 1 M KCl purged with N 2 for 30 min prior to experiments (N 2 gas blanket was kept during the measurement). The glassy carbon working electrode disk of 0.5 cm diameter (PINE Instrument Company, USA) was mechanically polished with 0.05 lm Al 2 O 3 slurry (Cypress Systems Inc., USA), rinsed in double-distilled water, sonicated for 5 min, finally rinsed in ultrapure isopropanol and acetone and dried under a stream of air. The ink was prepared by dissolving PVDF (2 mg) in isopropanol (2 mL), sonicated for 0.5 h together with a carbon black (2 mg) and 17 mg of an active material. The resulting ink was dropped (17, 8.5 lL each cast) onto the polished glassy carbon working electrode (1 cm 2 area) and dried for 2 min under a 60 W lamp. The electrochemical reduction of the 3-diazonium aryl salts was performed onto the similar glassy carbon disk (working electrode). The CV scan was conducted in the potential range from 0.65 to -0.65 V (vs. Ag/AgCl 0.222 V based on the reduction potentials for a 4-diazobenzcarboxylic acid [26] ). The charge-discharge (CD) test was carried out at the current load of 0.25 mA/g with time intervals of 30 s, and the data storage interval of 0.1 s. Fifty scans were applied for each electrode and the CV was recorded afterwards and compared with the CV curve before CD test (stability test). A chronocoulometry was examined at 0.3 V at the onset potential of the polypyrrole oxidation wave. Figure 1a demonstrates a multi-step synthesis procedure of the carbon allotrope-grafted polypyrrole taking MWCNTs as an example. This synthesis route falls into four phases:
Synthesis
The electrochemical derivation of in situ generated 3-diazo aryl chlorides
In this step, 4 mmol of 3-substituted aniline was dissolved in 12.5 mL 1 M HCl and 7.5 mL distilled water and the solution was brought to 0°C in the 3-neck electrochemical cell (Gamry, Fig S1) . 6 mmol (1.5 eq.) of sodium nitrite in 5 mL cold distilled water was added dropwise through the dropping funnel to the solution and stirred in an ice bath for 5 min (Fig. 1a, step I) . In next step the funnel was removed and the cell was equipped with the carbon-coated RDE (rotating disk electrode) glassy carbon or the glassy carbon (GC) plate, Ag/ AgCl reference electrode and Pt wire (counter electrode). Afterwards the cyclic voltammetry scan was carried out in the potential range from ?0.978 to -1.022 V at the scan rate of 100 mV/s. In order to observe irreversibility of reduction process (position and intensity of cathodic peaks) two voltammograms were recorded (Fig. 1a, step II) . The reactant concentration was evaluated in the range of 5-45 mmol and the optimum of derivatization was assessed experimentally based on the CV peak area and correlated with the XPS surface analysis. The reverse CV scan of the cathodic wave was validated for each concentration as demonstrated in the supporting information (Fig. S2) .
Synthesis of the carbon-benzoyl chloride
In this reaction, 100 mg of the functionalized carbon allotrope (MWCNTs, graphene or carbon nanohorns) and 25 ml of a thionyl chloride (in excess) were placed in the 50 ml round-bottom flask equipped with a Liebig reflux condenser, a tube filled with a calcium chloride connected to the gas absorption trap and heated on a steam bath for 6 h. Afterwards, the excess of thionyl chloride was removed during the distillation (Fig. 1a , step III). The reaction product was collected by ultrafiltration (Millipore Ultrafiltration system) and washed with a dry THF (three times 10 mL), dried in vacuum and used as the reactant in the Schotten-Baumann reaction.
Schotten-Baumann reaction with a p-amino aniline 100 mg of a p-aminoaniline was mixed with the carbon allotrope-benzoyl chloride in 15 mL CH 2 Cl 2 and an equimolar amount of NaOH (dissolved in a very small volume of water). Thereafter the mixture was sonicated for 15 min and then refluxed for 24 h. The final product was collected by ultra-filtration, washed with dichloromethane and dried in oven at 40°C. This reaction is shown as the step IV in Fig. 1a .
Polymerization of pyrrole onto the functionalized carbon
After the purification of functionalized carbon (MWCNTs, graphene, carbon nanohorns), the oxidative/free radical polymerization of the pyrrole was initiated using ammonium persulfate (APS) in 1 M HCl [16] . In preliminary phase of the synthesis, ammonium persulfate reacts with hydrochloric acid resulting in the ammonium chloride precipitate [27, 28] . Furthermore, the persulfate dianion is a source of reactive oxygen species, which undergo polymerization via an ionic bonding, as a result of protonation. Overall, ammonium persulfate generates two sulfate radicals that are combined with a hydrogen from the basic polymer chains, resulting in polymer radicals [27] . The polymerization was conducted at 5°C in order to quench the formation of oligomeric poly(pyrrole) units that were not attached to the linker (organic functionality onto the carbon surface, generated in steps 1-3). The step V in Fig. 1a represents the polymerization of the pyrrole onto the functionalized carbon.
Results and discussion

Material characterization
The electrochemical grafting of carbon with the respective anchoring mote (in this case benzoic acid) starts with an in situ diazotiazation of a 3-aminobenzoic acid in aqueous/ acidic media and the sub-sequential electrochemical reduction followed by a sp 2 -sp 2 carbon-carbon bond formation between the carbon allotrope and the reduced 3-carboxybenzenediazonium chloride. This process can be controlled by a cyclic voltammetry that demonstrates a Fig. 1 A multi-step synthesis pathway for the carbon-grafted polypyrrole composite (a).
Step II is presented in the CV scan (b) characteristic cathodic peak corresponding to the reduction (first irreversible peak at 0.28 V shown in Fig. 1b) . The covalent grafting results in the formation of C sp 2 -C sp 2 bond (second irreversible peak at 0.068 V). An irreversibility of the process indicates on a successful derivatization [2] . The reduction peak was analyzed in order to estimate the amount of the deposited linker, by calculating the area under the peak (Fig. S2 ). The obtained coulombic charge was further used to calculate the mass of deposit according to Faraday's first law of electrolysis (further details are provided in the supporting information). Furthermore, the concentration of an organic moiety synthesized in the step II was correlated with the XPS analysis, taking into consideration the C 1s and O 1s signals. The detailed kinetic studies of the step II derivatization including the optimization of the concentration precursor and the time of deposition process for all carbon allotropes is discussed in our recent work [29] . This study includes also quantitative analysis of the electro-generated product of the step II phase. The surface concentration of the organic linker varies with a type of carbon allotrope. For example, surface functionalization of MWCNTs is *15% according to the electrochemical estimation using Faraday's law, and 14.99% based on the XPS analysis, while graphene showed 30.01% of the surface concentration quantified by both electrolysis and XPS (concentration of the product generated in phase II onto the carbon nanohorns is higher than for MWCNTs, but less than observed for the graphene). This difference is apparently correlated with the accessibility of the carbon surface towards the reactant, and is affected by the carbon particle shape (preferential deposition onto the graphene flakes as compared to the less accessible nanotube, or with some preference onto the nanohorn porous structure). The carboxylic acid was transformed to acid chloride using thionyl chloride to ensure the formation of the amide bond in proposed Schotten-Baumann reaction. In next phase, the carbon allotrope/acid chloride reacts with a p-phenylenediamine in Schotten-Baumann reaction as demonstrated in Fig. 1a (steps III-IV). The product of this reaction is further used for an oxidative/radical polymerization of pyrrole (step V). The carbon-polymer grafting with the amide linker demonstrates geometry similar to the Kevlar structure that is known from its chemical stability [27] . X-ray photoelectron spectroscopy was employed in order to study the chemical composition of the final product. Figure 2 shows the XPS narrow scans for C1s, O1s, N1s and the survey analysis of MWCNTs-g-PPy as an example. C1s scan of the MWCNT-g-PPy (Fig. 2a) consists of two major components, one at 286.74 eV corresponding to the carbonyl bond [30] and at 284.58 eV that represents both the graphitic C-C bonding and C=N bonds of the polymer backbone (signals are very close thus difficult to separate). N1s peak (Fig. 2b) at 397.463 eV corresponds to the C-N and C=N pyrrole units [31] . The peak at 395.615 eV represents the amine bond between pyrrole and linker anchor [32] and the amide bond of the linker moiety is seen at 400.385 eV [33] . There are traces of nitrite [34] that might be leftover reactant of the step I reaction. The O1s peak at 532.428 eV in Fig. 2c represents the carbonyl bond in the polymeric structure [35] and at 530.704 eV corresponds to amide in the linker. The XPS spectra of the Graphene-g-PPy and CNH-g-PPy did not show significant difference in the peak position and the area of the fitted signals (concentration of respective chemical bonds), leading to the conclusion that the chemical composition of the final product and the corresponding carbon-polymer-organic linker interactions are comparable for all allotropes. Figure 3 demonstrates FTIR (left) and Raman (right) analysis of the grafted carbon allotropes revealing some spectral differences. Regarding the chemical composition analyzed by FTIR, for the CNH-based composite (A), a weak C-H out of plane vibrational deformation corresponding to the cyclic aromatic rings is observed at 670.5 cm -1 [36] . Another vibrational out of plane deformation at 805.1 cm -1 arises from three neighboring H atoms in the aromatic ring attached to the carbon nanohorns [37] . N-H and C-H deformation vibrations associated with the poly(pyrrole) ring are observed at 1019.2 cm -1 [38] . Furthermore, a strong stretching vibration corresponding to the phenolic carbon in ketone (or amide) structure appears at 1098.7 cm -1 and refers to the attached linker [39] . The weak stretching vibration at 1159.8 cm -1 is associated with the C-N in aryl amide and poly(pyrrole) [40] . A strong vibrational stretching signal at 1270.1 cm -1 corresponds to the urethane-like amide bond of the linker [41] . Also, a weak N-H deformation vibration of the aryl amide is observed at 1398.5 cm -1 [41] . The two bands at 1453.2 and 1520.8 cm -1 represent the C-H vibrational deformation of the amide [41] together with a weak C-N deformation at 1569.7 cm -1 (also amide signal) [42] . A strong carbonyl stretching signal-typical for the chemically modified carbonaceous materials appears at 1649.25 cm -1 [43] . The C-H stretching vibration of the carbon nanohorn starts at 2841.3 and ends at 2669.1 cm -1 [44] . Similar functionalities are identified for Graphene-gPPy (B) and MWCNT-g-PPy (C). A residual CO 2 from the background subtraction is still present at 2358.1 cm -1 . A significant difference in the FTIR spectrum is observed for the Graphene-g-PPy (B). This includes the presence of a medium C-H wagging vibration at 591.8 cm -1 [45] and a medium vibration deformation from the amide structure that appear at 616.2 cm -1 [46] . At 658.3 cm -1 another medium vibration deformation is related to the -N-C=O bending [47] . In case of CNH-g-PPy, a similar vibration from -C-N-H is observed at 798.9 cm -1 [48] . Also, an aliphatic stretching vibration appears at 927.4 cm -1 and the medium C-N stretching vibration at 1043.6 cm -1 . The neighboring H atoms in the poly(pyrrole) ring can be seen at 1104.8 cm -1 [48] . The coupled C-N and C-O vibrations are clearly visible at 1263.8 cm -1 [47] . The amide structure vibration at 1366.7 and 1386.2 cm -1 [47] , and the C-N stretching vibration from the poly(pyrrole) appear at 1459.6 and 1469.3 cm -1 [48] . The conjugated C=C vibration in the extended p-system of graphene can be seen at 1618.7 cm -1 [49] , and at 1716.54 cm -1 a strong C=O stretch is identified [50] . A broad protonated nitrogen amide bond appears at 2364.2 cm -1 (last step of the synthesis was conducted in 1 M hydrochloric acid) [51] . C-H deformations from a large conjugated system of the graphene can be seen in the range from 2853.5 to 2962.9 cm -1 [49] . As the morphology (nano-flakes versus branched porous particles) and the structure (3-versus 2-dimensional carbon) differ significantly for the CNH and Graphene, the corresponding spectral differences can be expected. The general observation is that for Graphene some signals are stronger as compared to the CNH (A) and MWCNT (B), which corresponds to the higher concentration of the organic linker (and thus higher percentage of functionalization) onto the Graphene, due to its large accessible surface (as confirmed by the electrochemical and XPS quantifications, Table S1 ).
The FTIR spectrum of MWCNT-g-PPy (Fig. 3c) consists of all functionalities identified for the graphene-based composite. There are minor shifts such as the signal at 610.1 cm -1 assigned to the aliphatic amide structure of the linker, at 939.6 cm -1 aliphatic stretching vibration, and at 1086.5 cm -1 there is a medium C-N stretching vibration. Also, C-N and C-O vibrations are identified at 1282.2 cm -1 , and in the range from 1404.6 to 1453.5 cm
the C-N stretching vibrations correspond to the pyrrole. The shifted (as compared to graphene-based sample) are (1) the peak at 1581.9 cm -1 associated with the conjugated C=C vibration from the extended p-system in MWCNT, and (2) the strong C=O signal at 1637.1 cm -1 . Due to the structure of MWCNT there are no clear C-H deformations, which were visible for the graphene and CNH composites.
The Raman spectroscopy was further applied to analyze the possible changes in the carbon topology and the presence of Stone-Wales defects upon its chemical modification [52] . A good indication for such changes is the correlation of the intensities between D and G bands (Fig. 3d, f) . For the pure carbons, the D and G band signals Fig. 3f ) and for the CNH-gPPy (D:G = 2.12, Fig. 3d) , indicating on the presence of crystalline defects. The G band signal is associated with the crystalline structure and a high frequency of the optical phonon (E 2g ), while the D band represents the A 1g breathing mode in a Brillouin zone [53] . The general observation is that Graphene-based composite showed very weak changes of D:G intensity ratio indicating on the highly crystalline interface. This shows that the carbon surface is significantly modified by the overlaying amorphous phase.
TEM observations are further carried out in order to investigate the morphology of the grafted materials (Fig. 4) . The general observation is that for chosen carbons the polymer coating looks completely different. This is also correlated with the distribution the organic linker on the carbon surface that affects the monomer nucleation and a particle growth in the final step of the synthesis. For the graphene-based system (Fig. 4a) , spherical particles of the polyryrrole are evenly distributed onto the carbon surface and the size of polymer is in the range 20-80 nm (this range of the polymer particle size favors an ion doping and thus the charge storage process). The distribution of polypyrrole around multi-walled carbon nanotube is completely different. The polymer coils the carbon tube and this spirallike polymer structure is expected to benefit in the capacitance improvement since (1) the polypyrrole thickness is less than 80 nm and thus in the range of the effective diffusion length, and (2) the carbon surface is not fully covered by the macromolecular chain, thus freely accessible for the ion (the important double-layer capacitance of the carbon is not obstructed). Such morphology favours the synergy of pseudo-and double-layer capacitance. Another important observation for the MWCNT-grafted polypyrrole is the separation of tubes. This considerably improves an access of the electrolyte to the capacitive interface. Opposite, a significant agglomeration is observed for the graphene-based material (Fig. 4a) , and is confirmed by an in situ selected area electron diffraction (SAED, Fig. 4d ). The characteristic hexagonal diffraction patterns of the aromatic carbon rings are present in the single graphene layers and are well resolved before functionalization. The additional diffraction spots are detected for the final product as a result of agglomeration (also observed in Fig. 4a) . Most probably the organic functionalities generate the cross-linking between the adjacent graphene layers. These stacked, chemically bond sheets are not accessible for the Table 1 and demonstrate variations of the Miller's hkl indices for unmodified and functionalized graphene. The changes in hkl are generated by both the p-p * interactions in graphene sheets due to the layer stacking, and by the chemical modification of the carbon surface and the formation of new bonds between carbon and the organic moiety. The carbon nanohorn-grafted-PPy showed on the other hand, very uniform distribution of the polymer onto the carbon. The carbon nanohorns are porous (Fig. 4c insert) and relatively easy to access for both the organic linker and the monomer. However, since the individual ''horns'' are very small (thickness of 2 nm and the length about 10 nm), they are too fragile to host larger polymer beads. This results in the total coverage of the carbon structures (nanohorns are not separated, they exist in colonies in bare carbon, as shown in the Fig. 4c insert) . For such morphology of the grafted material, the carbon double-layer capacitance is obstructed, which will considerably affect its electrochemical response.
Only pure graphene and the modified graphene were compared by SAED, as CNH lacks a well-defined crystallographic structure and did not show any significant crystallographic difference upon grafting (only diffused rings indicating amorphous structure). Nevertheless, modification of the graphene by attaching the poly(pyrrole) demonstrates stacking of the graphene layers (more rings with multiple spots in Fig. 4, insert d) . Figure 5 represents the TGA curves for all composites in the range from 25 to 650°C. According to literature, grafted carbons decompose in this temperature regime (excluding water loss) starting from the detachment of the carbon-amide linker, followed by the degradation of polymer-linker, and the degradation of polypyrrole at higher temperatures [56, 57] . The corresponding transitions are projected in Fig. 5 (gray vertical lines) . Overall, the MWCNT-g-PPy sample degrades at 290.52°C (A), Graphene-g-PPy decomposes at 188.44°C (B) and CNH-gPPy at 200°C (C). As the concentration of organic functionalities is the highest for CNH and Graphene, these degradation steps are more clearly observed. The MWCNT-based sample demonstrated the highest thermal stability. This effect is generated by the rigidness of the structure and the fact that roughly a half of the nanotubes are evenly covered by the polymer (Fig. 4b) . This morphology stabilizes the structure of an individual coatedtube, resulting in the protection of soft organic linker from the thermal attack. The graphene-based composite demonstrates a completely different morphology, with the polymer nano-spheres scattered evenly and the large uncovered carbon surface. This exposure generates faster degradation for both carbon and the organic fractions (polypyrrole particle size is also smaller as compared to PPy coating onto the MWCNTs). As the nanohorn-grafted composites showed the smallest particle size and also due to the fact that whole carbon is completely covered by the organic components (Fig. 4c) , its degradation is the fastest. These structures are at least thermally stable, probably due to the very small size of the carbon particles and a significantly lower degree of the carbon graphitization (amorphous carbons are less stable under the thermal, chemical or electrochemical oxidative treatment [58] ). Figure 6 represents the cyclic voltammogram of the grafted material with the MWCNTs as the carbon core. This spectrum shows a typical feature of the double-layer capacitor of MWCNTs with a square-like CV and the oxidation wave with the maximum at -0.48 V associated with the redox activity of polypyrrole. In this process, the positive charge generated during the oxidation of the polymer chain is compensated by chloride ions from the electrolyte. Consequentially, reverse cathodic scan introduces electrons into the poly(pyrrole) and conveys it to the neutral state. The oxidation peak at -0.15 V is related to the redox activity of the amide linker [59] . Furthermore, the influence of carbon type or/and the morphology of the grafted material is studied using a differential voltammetry that allows to better resolve the corresponding peaks. DPV curves of the cathodic scan (the activity of polymer, carbon and the amide linker is reversible) in Fig. 7 show three major redox processes. At -0.48 V, reduction of polymer occurs on MWCNT-g-PPy (Fig. 7c) , and is shifted towards positive potential (-0.23 V) for the Graphene-g-PPy (Fig. 7c) and for the CNH-g-PPy (-0.22 V, Fig. 7a) . Possibly, the positive shift of the onset potential of this redox is a catalytic effect of the sp 2 edges in the graphene and CNHs. Another important observation is the catalytic activity towards oxygen reduction at 0.21 V, taking place onto the oxygen-containing functionalities and the sp 2 carbon active centers [59, 60, 61] for the graphene (Fig. 7b) , and occurs as a very weak signal at 0.27 V for the CNH-based capacitor (Fig. 7a) . This peak is stronger and shifted towards higher potential for MWCNTs-g-PPy (Fig. 7c) . Again, the shift in onset potential can be associated with the different surface concentration and the type of these catalytic functionalities onto various carbons. The intensity of corresponding signals is also affected by the morphology of a final product. For instance, in the MWCNTs-g-PPy and Graphene-g-PPy, the carbon itself is more exposed to the electrolyte and thus the response towards ORR is stronger (less polymer coating or uneven polymer coating allow the carbon surface to be in contact with the electrolyte). An opposite, for the CNH-based sample this redox peak is very weak as almost the whole carbon is covered by the polymer. The cathodic peaks at -0.84 V for the Graphene-g-PPy and at -1.01 for the MWCNT-g-PPy correspond to the reduction of amino bond. This peak is nevertheless not visible for the CNH-gPPy as the carbon surface is fully covered by the PPy and thus the ion mobility is hindered [62] . Specific capacitance of the grafted capacitors was estimated by integrating the area under CV curve (Fig. 9 , as prepared electrodes) and standardizing it to the mass of the active components (m in g) at the applied scan rate (m in V/s) and in the potential window (E 2 -E 1 in V) according to Eq. 1 [63] :
Electrochemical analysis
and after subtraction of the background double-layer current (glassy carbon, carbon black and PVdF binder). The mass of deposited polymer (as the polymer and linker content varies significantly for these carbons) was further calculated from the integration of voltammograms allowing to obtain the charge cumulated into the polymer fraction, and by applying Faraday-Matteucci's first law of electrolysis (details and corresponding equations are provided in supporting information, similar approach was used for the quantification of amide aryl linker). The calculated quantities are presented in Table 2 . For the specific capacitance the highest value of 350.49 F/g was obtained for MWCNT-g-PPy that is significant improvement as compared to the pure MWCNT (90 F/g) [3] and indicates on the synergistic effect of combined pseudo-and doublelayer capacitances. This is also observed for the Grapheneg-PPy (33.20 versus 11.60 F/g for pure Graphene in this work) and for the CNH-g-PPy (43.61 versus 15 F/g for pure CNHs in this work). In case of graphene and CNHbased samples the calculated capacitance is close to that of pure PPy or carbons [20] . In case of graphene and CNHbased samples the calculated capacitance is close to that of pure PPy or carbons [20] . The unmodified CNH carbon is very porous, and its large BET surface is manly generated by needle-like structures (''horns'') of *15 nm length and 2-5 nm thickness, as shown on the insert to Fig. 4c . The grafting of these structures with the organic linker and further polypyrrole leads to the blocking of an active surface and the total coverage of the carbon with the pseudocapacitive polymer (this is why the capacitance of grafted CNH is close to that of pure polypyrrole). Once the carbon is fully covered with organic components is no longer accessible for the KCl electrolyte and thus the double-layer capacitance is hindered. This is rather expected for the CNH-g-PPy, as the whole carbon is covered by the polymer, indicating that the carbon morphology and the carbon particle size (too small to host the macromolecule and organic linkers) is discriminating factor in fabrication of the well-performing capacitive composite. For the future work, this material will be investigated at much lower polymer and the organic linker concentrations. This needs to be adjusted in order to sustain the benefit from the high surface area and graphitized carbon nano-fingers (horns).
As the BET surface area for all carbons is high (*220 m 2 /g MWCNT , 400 m 2 /g CNH and the *80 m 2 / g Graphene ; as provided by the carbon supplier), the conclusion is that the carbon morphology plays a critical rule in electrochemical performance of the combined electrode materials. For Graphene-g-PPy, the prognosis is similar to CNHs-based sample as graphene flakes are too thin and fragile (3-12 nm) to support the macromolecules attached via organic linker, their concentration have to be adjusted. The specific capacitance of MWCNT-g-PPy is very high as compared to the state-of-the-art capacitor materials. This significant capacitance enhancement is generated by the synergy of the double-layer (MWCNT) and pseudo-(PPy) capacitances and the presence of very effective charging interface at the carbon-polymer junctions [64] . In our study, this is further improved by expanding this interface (thin non-continuous polymer layer). The organic linker has two functions in this system, one is the stabilization and the chemical bonding between the capacitive components (carbon and the polymer) and the second is to improve the charge separation/distribution at the carbon and polymer interface, similar to the function of dielectric in the conventional electrolytic capacitor [65] . This can be particularly important for the development of the molecular-scale capacitor devices that are applied in the field of memory storage or the nano-electronic circuits and the low-charge store-pump applications.
Furthermore, the diffusion coefficient of chloride storage in composites was analyzed according to the Cottrell equation (Eq. 2) applied to the linear function of the charge (Q) and the square root of time (t 1/2 ). This correlation is presented in Fig. 8 
The MWCNTs-g-PPy demonstrated significantly higher diffusion coefficient as compared to the competing samples, indicating on an effective mass transport in MWCNT-based system. This is directly related to its superior capacitance and the improved rate of the ion exchange due to several reasons. First is the higher specific surface of MWCNTs and thus the higher polymer content-this automatically gives larger electrochemical interface. Second is the thickness of the polymer film (it has been already proven that PPy layer thickness or its particle size that is less than 40 nm is optimal and generates so called an effective diffusion length for the doping ions). Another important factor is the PPy distribution over the carbon surface-the non-continuous coating also improves the ion exchange at the carbon and facilitates a fast anion doping due to the redox activity of the PPy. This further reflects on the charge-discharge characteristics. As shown in Fig.  S3 , the chronopotentiograms recorded at 0.25 mA/g for all composites demonstrate that MWCNT-g-PPy can reach the electrode potential plateau faster and the potential is significantly higher as compared to the competing composites (1.05 V for MWCNT-g-PPy, 0.6 V for Graphene-g-PPy and 0.58 V for CNH-g-PPy). This indicated on the fast mass transfer of the doping ions into the polymer facilitated by the morphology and the polymer distribution onto the MWCNT's surface. Figure 9 demonstrates the CVs scans for the fresh electrode (black curves) and after charge-discharge test (red curves). Generally, MWCNT-g-PPy and CNH-g-PPy both showed good stability with less than 3% of the capacitance lost. In contrary, Graphene-based electrode lost more than 50% of the initial capacitance. As the potential window applied in this work is in the range of electrochemical stability of the carbon, polypyrrole and the amide linker. The degradation of the Graphene-g-PPy could be thus associated with its morphology and the chemical composition of the graphene surface. Firstly, the thickness of the single graphene flake is very small as compared with the size of the polymer particles-this may cause detachment and phase segregation. This can be also accelerated during the activity towards the electrochemical oxygen reduction reaction onto the sp 2 catalytic centers around graphene edges (the sp 2 C is identified at 284.8-283.0 eV in XPS spectra of Graphene-g-PPy, weak and broad signals are due to the presence of PPy and amid aryl, Fig. S4 ). Since the ration for edges and corners to the flat surface in graphene flake is high, possibly the simultaneous sideways processes accelerate the material degradation.
Conclusions
Carbon allotropes combined with various electronically conductive polymers or metal oxides are important components of lightweight capacitor devices. These type of hybrid or composites demonstrate an improved total capacitance as compared to their individual constituents due to the synergy between the double-layer capacitance (carbon) and pseudo-capacitance from redox active fractions (polymer or oxide). The critical aspect in achieving the capacitance improvement is to design a combined system on the molecular level, allowing to control precisely the morphology, and thus tailoring their electrochemical properties. In this work we validate three allotropes, carbon nanotubes, graphene and carbon nanohorns that are covalently bound via a Kevlar-type linker (amide-bound aryl) with the polypyrrole. In the proposed synthesis procedure, the linker moiety is created onto the carbon surface via combined electrochemical and chemical steps and the polymer is attached at the final phase. The following differences were observed for composites synthesized with various carbon allotropes:
1. the highest specific capacitance and thermal and electrochemical stability among carbon-grafted materials were observed for the MWCNT-based samples, followed by Nanohorn-g-PPy and the least stable with the smallest capacitance was observed for the Graphene-based composite; 2. the fast degradation of Graphene-g-PPy is associated with the carbon morphology and its high activity towards electrochemical oxygen reduction due to the presence of catalytic sp 2 at the edges of the carbon; also the small thickness of the graphene flakes as compared to the size of polymer particles and the simultaneous side process are responsible for the detachment/deactivation of the capacitive electrode; 3. the highest diffusion coefficient of ion doping into the polymer and thus the best capacitance was observed for the MWCNT-g-PPy; this is related to the composite morphology formed by a non-continuous and thin (less than 40 nm) thickness PPy film coated onto the MWCNTs, such structure facilitates good access of electrolyte to the carbon and polymer (double layerand pseudo capacitance synergy) 4. the particle size of carbon nanohorns is too small to host the polymer; the synthesis procedure proposed in this study should be modified to generate PPy of size less than 1 nm in order to manufacture useful electrode material.
